Measurement of the point-spread function of metal nanohole arrays by using microscopic imaging reveals two contributions. The first of these is due to propagating resonant surface plasmons and the second to nonresonant transmission through the holes. We observe a Fano-type interference between these contributions. © 2005 Optical Society of America OCIS codes: 230.3990, 240.6680, 260.3910. Subwavelength hole arrays in metal films show intriguing transmission resonances that are usually attributed to the resonant excitation of surface plasmons (SPs) propagating along the array surface.
The important role of SPs has been deduced from, among other things, the polarization-dependent angular dispersion of these transmission resonances. The most direct proof yet is the imaging of the SPs as they propagate along the metal film. This imaging is generally done with scanning near-field optical microscopes, which have subwavelength resolution. 4, 5 We use a simpler approach, namely, conventional (far-field) microscopic imaging, equivalent to a pointspread function measurement. Being diffraction limited, microscopic imaging does not allow single-hole resolution. This is not a problem, however, when studying SP propagation, because they propagate over many optical wavelengths. Furthermore, conventional imaging gives less ambiguous results and an excellent signal-to-noise ratio.
A similar imaging technique was demonstrated very recently by Tetz et al. 6 In contrast to their approach, our technique is not only sensitive to the propagating SPs but also allows the observation of a direct (nonresonant) transmission, the presence of which was already inferred from the asymmetric Fano-type line shapes in transmission spectra. [7] [8] [9] By comparing the imaging results with a simple model, based on damped two-dimensional Huygens spherical wavelets, we are able to quantify both the relative amplitude and the relative phase of this important term. We also observe a Fano-type interference with the transmission carried by the propagating SPs.
We use a simple two-channel Huygens model to describe the spatially resolved optical transmission of our nanohole arrays. 10 In the direct channel each hole transmits a fixed fraction of the incident optical field. In the indirect channel, however, the input and the output profiles can be very different. Because the holes are much smaller than the optical wavelength, we treat them as discrete points. Each hole acts as a dipole emitter of SPs, which propagate as damped two-dimensional waves along the array surface and can subsequently be coupled out as photons at any hole they encounter. In certain directions, determined by the SP wavelength and the lattice spacing and symmetry, constructive interference will give rise to SP resonances. As a result, the output profile will contain exponentially decaying tails in the direction of these resonantly excited SPs. 11 We stress that the SP modes are not put in by hand but appear naturally as resonances in the summation.
In our Huygens model the output field E out is given by a discrete convolution, i.e., a sum over all lattice points , of the propagator G͑͒ and the input field E in :
where l = ͉͉ is the distance between the excitation point and the radiation point, = / ͉͉ is the propagation direction, ␦͑͒ is the discrete Dirac delta function [␦͑͒ = 1 only at = 0], and ␦ ij is the Kronecker delta; the factor ͓1−␦͔͑͒ expresses that an SP cannot be coupled out at the hole where it is created at (no selfcoupling of SPs). This model contains three variables: (i) the complex-valued , which specifies the relative amplitude and phase of both transmission channels; (ii) the SP decay length L SP ; and (iii) the optical frequency , expressed in terms of the SP momentum k SP = n eff / c for propagation at a speed of c / n eff . The subscripts i , j label the two polarizations orthogonal to the surface normal. The direct channel is polarization isotropic, since the holes in our arrays are circular. The indirect channel, however, contains a polarization projection factor ͓ ͔ ij , which accounts for the projection of the input field on the longitudinal field component of the SPs (oriented along the propagation direction ). The factor 1 / ͱ l takes care of energy conservation in the two-dimensional plane. This factor becomes visible only for propagation lengths that are sufficiently large compared with the excitation spot size, where beam spreading becomes important. Our nanohole array was fabricated with electronbeam lithography and consisted of a 200 nm thick gold film on a 0.5 mm thick glass plate with a 2 nm thick titanium bonding layer between.
12 The holes, of 200 nm diameter, were spaced in a square lattice with lattice period a = 700 nm. We address the ͑±1 , ± 1͒ mode at the glass-metal interface, which has a transmission peak at 810 nm (see Ref. 12) . Figure 1 shows the optical beam line, which starts with a laser beam at 810 nm that is mode cleaned by a fiber. Two microscope objectives allow us to adjust the size of the focus on the hole array, which is positioned with its glass side toward the beam. A third objective projects a magnified image of the back of the array onto a CCD. To minimize (spherical) aberrations, great care was taken in selecting the illumination objective L2 (40ϫ, NAϭ0.6 with adjustable glass correction) and the imaging objective L3 (50ϫ, NAϭ0.6), both with long working distances.
Typical output profiles for our square array with circular holes are shown in Fig. 2 . The structure of the profiles depends on the size of the input beam waist (see below). The optical polarization plays a special role: it allows one to selectively excite certain SP modes. This is illustrated in Fig. 2a , where the input polarization is along one array diagonal, exciting only the resonant SPs propagating in this direction. In Fig. 2b the input polarization is horizontal, thereby exciting the resonant SPs propagating along both diagonal directions.
Cross sections along one diagonal of the output profiles are shown in Fig. 3 for two different illumination beam radii w = 1.6, 2.3 m. The curves are normalized to the total input power, and the input polarization was set as in Fig. 2 . In Fig. 3 (logarithmic scale) a cross section of the smallest input beam ͑w = 1.6 m͒ is also included, which shows that the input is nicely Gaussian. The obtained images of the hole array transmission contain speckle, presumably caused by irregularities and surface defects in the hole array. To remove this speckle, we average over 100 different transverse array positions in the focal plane. As is visible in Fig. 3 , this gives high-quality measurements with smooth curves and a dynamic range of more than 4 orders of magnitude. We experimentally checked that the averaged image of the transmission is independent of the longitudinal position of the hole array with respect to the focus. 13 An out-of-focus array position in fact has the advantage that the speckle is averaged out even more because the input beam covers more holes than in the focus; however, in order to maintain conceptual simplicity, we did not use this trick.
The two channels can be recognized immediately: the central part of the figure, resembling the input profile, originates from the direct channel, whereas the exponentially decaying tails show the SP propagation in the indirect channel. Changing the input beam waist has two effects: it changes the peak power originating from the direct contribution, and it changes the way the two channels interfere. The first effect is seen more clearly in Fig. 3b (with a linear  scale) , where there is a factor of 1.9 difference between the transmitted peak intensities for the two input beam waists. The second effect produces the dips in the curve for w = 1.6 m; these are not present in the curve for w = 2.3 m.
The relatively large peak transmission for the direct channel seems surprising, because the opposite is true in transmission spectra, where the SP resonances are much stronger than the direct transmission. This surprise disappears when the spatially integrated output power is considered. Because the direct contribution is localized to the excitation spot, and the SP-mediated contribution is spread out and diluted over a much larger area because of SP propagation, the spatially integrated SP part still dominates the total transmission. This is in agreement with published optical far-field measurements where the direct channel was hardly observable.
13
To further explore the interference between the two channels, we compare the experimental cross section at w = 1.6 m (taken from Fig. 4 are caused by a Fano-type interference effect: when both channels are active, interference between the two gives a lower intensity at the mentioned positions than when only the indirect channel contributes. The interference is best observable at the arrow position, where the two channels are approximately equally strong. The exact shape of the curve at these points depends strongly on the value of arg͑ ͒, as can be seen from the inset in Fig. 4 with arg͑ ͒ = −1.6, where prominent dips appear. The curve shape can thus be used to estimate this phase.
A comparison of a measured transmission spectrum for plane-wave illumination with the theoretical spectrum calculated on the basis of the Huygens model requires a value of arg͑ ͒ = −0.7 rad for a good fit. The deviation from the value of arg͑ ͒ = −1.2 rad given above can be due to a slightly out-of-focus position of one of the lenses, causing a wavefront curvature with an associated additional phase difference. Another reason might be a small detuning of k SP from resonance, for which the model is rather sensitive.
In conclusion, we have shown that direct imaging of the transmission of nanohole arrays can provide valuable insights into their transmission mechanism. A simple Huygens model including Fano-type interference is able to explain the measured data quite well.
12. Note that our gold film is much thicker than the one used in Ref. 6 and, unlike theirs, is surely optically thick while still thin compared to the optical wavelength. 
